The Trier Social Stress Test (TSST) was employed to study response to social evaluative threat in male adolescents with Autism Spectrum Disorder (ASD, n = 21) and typical development (n = 13). Participants wore a mobile electrocardiogram to collect heart rate data. There were significant group effects on respiratory sinus arrhythmia (RSA), a measure of parasympathetic nervous system function, with lower values in ASD (F = 4.97). Bivariate correlations also showed a significant relationship between parent reports of social problems and RSA response to the TSST (r = −0.586). These findings suggest that autonomic dysregulation may contribute to social deficits in adolescents with ASD.
Introduction
The autonomic nervous system (ANS) is a core biological regulatory system; it is thought to underlie a host of approach and avoidance behaviors that drive social interaction (Porges and Furman 2011) . Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by a primary deficit in social behavior (APA 2013) . Early theoretical models have suggested that a dysregulated ANS may underlie social approach behavior alterations in ASD (Hutt et al. 1964) . Because ASD is associated with a wide range of symptoms and co-occurring conditions that impact a number of biological systems (Mazzone et al. 2012) , the ANS is a likely candidate for understanding aspects of the biological underpinnings of ASD.
Both the parasympathetic and sympathetic branches of the ANS project to the sino-atrial node of the heart, and are responsible for variations in heart rate. One measure of ANS function is respiratory sinus arrhythmia (RSA), which is a metric of high frequency heart rate variability (HRV) associated with spontaneous breathing, and is thought to measure parasympathetic nervous system (PNS) or 'rest and digest' function via cholinergic vagus nerve projections to the heart (Porges 1992) . High baseline RSA values are thought to be related to adaptive social functioning, with studies in TD children indicating that high baseline RSA is associated with less social inhibition and greater empathic responsiveness (Diamond et al. 2011) . In contrast, RSA decrease was associated with psychosocial stress (Pico-Alfonso et al. 2007 ) and effortful emotional regulation during exposure to negative or upsetting stimuli (Butler et al. 2006) . Overall, in TD populations, high baseline RSA is thought to represent the ability to engage flexibly and adaptively with the social world (Porges 1992) , skills that are often challenging for individuals with ASD.
There is an emerging ASD literature regarding ANS effects on cardiac function in prepubertal children; although these studies have been somewhat mixed (for review see Benevides and Lane 2015) . This may be due in part to differences in the type of stressor or challenge used. For example, studies of school-age children with ASD using cognitive or sensory processing tasks have found reduced RSA. In one such study employing a visual search task, the authors found reduced high frequency HRV decreases in response to challenge in the ASD group compared to TD control children (Daluwatte et al. 2012) . Another study of HRV in children with pervasive developmental disorder found reduced parasympathetic responsivity during a visual search task with a high attentional load (Althaus et al. 2004) . One study that investigated RSA changes in response to sensory challenge found blunted responsivity in ASD children compared to TD children (Schaaf et al. 2015) . Studies that employ facial recognition tasks have been more mixed, with two studies reporting no group differences in RSA (Bal et al. 2010; Watson et al. 2012 ) and one study reporting reduced RSA responsivity in children with ASD compared to TD children (Vaughan Van Hecke et al. 2009 ). Taken together, the literature in pre-pubertal children with ASD suggest blunted PNS response, but adolescents with ASD are understudied.
In typical development, the adolescent period is critical for the development of key brain regions subserving social functions, including cortical regions linked to the processing of social information, social judgment, and emotional regulation (Eiland and Romeo 2013) as well as the development and stabilization of neuroendocrine feedback loops that regulate the stress response (McCormick and Mathews 2010) . RSA may serve as a downstream marker of regulatory ability related to cortical development or dysfunction (Beauchaine 2015) . Evidence from TD populations implicates developmental effects on ANS measures such as RSA that occur during puberty (Tanaka et al. 2000; Kowalewski et al. 2007; Jarrin et al. 2015) and correlate with age, with the greatest effects in the adolescent epoch beginning at the onset of puberty (Shahrestani et al. 2015) . RSA studies in TD populations suggest ANS stabilization that occurs between the ages of four and five, and then again during adolescence with the onset of puberty (Pitzalis et al. 2000; Woodall and Matthews 1993) , followed by a gradual decline with aging (De Meersman 1993; Jennings and Mack 1984) . These studies in TD populations suggest that characterization of a pubertal sample of ASD adolescents is warranted.
Adolescence is a time of increasing social complexity, wherein peers take on more importance and salience relative to adults (Brown et al. 1986; Roisman et al. 2004) . Adolescence is also linked to increased stress, in part due to peer bullying and social judgment (Espelage et al. 2001 ), but also due to the increasing external and environmental demands that are placed on individuals as they begin the transition to adulthood (Compas et al. 1995) . This period is also linked to the onset of internalizing problems such as anxiety (Hayward et al. 2003) . Anxiety can be operationalized as a state of heightened stress or physiological arousal during anticipation of a real or perceived potential threat; anxiety disorders occur when chronic anxiety interferes with day-to-day functioning (APA 2013). An emerging literature suggests high rates of co-occurring internalizing disorders, including anxiety disorders, throughout the lifespan in ASD (Gjevik et al. 2011; Charlot et al. 2008; Matson and Nebel-Schwalm 2007) , as well as increased anxiety symptoms (Muris et al. 1998) . For example, many individuals with ASD demonstrate an altered physiological stress response to social stimuli; some children with ASD have a heightened response, and others a blunted response to social stimuli (Corbett et al. 2012) . Several studies have demonstrated correlations between RSA and parent-and self-reported anxiety symptoms in ASD (Guy et al. 2014; Kushki et al. 2014) , as well as operationalized anxious behaviors in observational studies of attachment in children with ASD (Moskowitz et al. 2013) , indicating that cooccurring conditions may play a prominent role in physiologic variability within ASD. The increasing nuance needed to understand and navigate the social world with the onset of adolescence likely creates a significant challenge to ASD adolescents. Surprisingly, little work has been done to investigate the psychophysiological correlates of social stress in the adolescent period, despite the fact that co-occurring problems such as anxiety may have significant impact on functional abilities and quality of life for youth with ASD (Dubin et al. 2015; Pellecchia et al. 2015) .
There have been almost no RSA studies that use naturalistic social situations that include real-time social actors. One such study measured RSA during completion of a 10 min playbased observational assessment of social behavior with an adult; in this study, baseline RSA in children with ASD was correlated with frequency of social behavior during the observational assessment of social behavior. Specifically, higher baseline RSA was associated with more conventional gestures and sharing behavior with the adult social actor (Patriquin et al. 2013) . However, no studies to date have used peer actors to investigate RSA reactivity in adolescents with ASD.
Measuring the response to social stress is often conducted by examining a known trigger of the stress response, social evaluative threat or social judgment (Mason 1968) . One classic experimental paradigm used to study social evaluative threat is the Trier Social Stress Test (TSST), first developed for use in adults (Kirschbaum et al. 1993 ) and later adapted for use in children (TSST-C, Buske- Kirschbaum et al. 1997) . Briefly, participants are given 5 min to prepare a speech in front of two unsupportive adult raters. They then have 5 min to deliver the speech, followed by 5 min of serial subtraction and a debriefing period. In child and adult populations without neurodevelopmental disorders, the TSST has demonstrated reliable increases in the stress response using both neuroendocrine (for review, see Foley and Kirschbaum 2010) and psychophysiological markers of stress responsivity (for review, see Allen et al. 2014) . When the TSST has been implemented in neural-cardiac studies of children with ASD, findings have been mixed; two studies have reported reduced responsivity in ASD (Mikita et al. 2015; Hollocks et al. 2014 ) and one study found no differences (Levine et al. 2012 ) from TD controls. This inconsistency in findings is likely due to methodological differences in study design, including differences in the type of physiological marker measured, as some studies have focused on group differences in RSA, and others on within-group heart rate changes between baseline and the task. The RSA literature in ASD is likely complicated not only by differences in task design, but also by heterogeneity in ASD samples, both within and across studies. Recent expansion of the diagnostic criteria for ASD has contributed to this heterogeneity, and underscores the importance of a carefully characterized clinical sample (APA 2013). This characterization includes co-occurring psychiatric conditions common in ASD, such as anxiety disorders (van Steensel et al. 2011) , which may further complicate and confound investigations of ANS function. The contribution of anxiety symptoms to the stress response in ASD is critical, as some individuals with ASD may be indifferent to social evaluation, whereas others may be hypersensitive to it (Corbett et al. 2012) .
The purpose of this study is to examine social stress in adolescents with ASD. In order to measure physiological arousal and regulatory capacity in response to social stress, we measured PNS function using RSA. RSA can be measured in a minimally invasive way, via electrocardiogram, and therefore allows for mobile measurement of ANS effects on cardiac output in realtime. In order to invoke social stress, we employed the TSST, which requires participants to actively engage and interact flexibly with novel social actors in realtime. To date, there have been no studies of pubertal adolescents with ASD that have measured RSA during the TSST. We adapted the TSST for use in a carefully clinically characterized adolescent sample by replacing one of the adult raters with an age-matched peer adolescent to provide more social salience to the task. Previous study has shown enhanced responsivity to peers in ASD, particularly novel peers (Corbett et al. 2010) , which is in line with the increased salience of peers during this developmental period. We hypothesized that (1) there would be significantly more within-group variability in reported RSA within the ASD group compared to the TD group (2) adolescents with ASD would show lower RSA at baseline than TD adolescents (3) ASD adolescents would show a decreased stress response to the TSST compared to TD adolescents, and (4) RSA decrease would be correlated with social and anxiety symptoms in ASD, and that, in line with Porges' Polyvagal Theory (1995) RSA would be associated with ASD symptom severity measures as a metric of degree of social engagement.
Methods
Participants TD participants were recruited by word-of-mouth, from university-wide email announcements, community events, and fliers. Participants with ASD were recruited via word of mouth and referral from university-based clinical practices, area schools, community advocacy group mailers, community events, and healthcare providers. We recruited and consented all subjects within accordance of ethical standards set forth by Vanderbilt University Institutional Review Board Human Subjects protocols. All procedures performed in this study were in accordance with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.
Twenty-five ASD (four female) and 17 TD (four female) adolescents between the ages of 12 and 18 years participated in this study (see Table 1 and Supplemental Table for demographic information). All TD participants had no current or past history of psychiatric or developmental disability or current psychotropic medication usage. ASD participants were not currently taking any antipsychotics or steroid medications and those prescribed stimulants abstained from usage immediately prior to and on the day of the behavioral paradigm, as these substances interfere with the physiologic stress response (Granger et al. 2009 ). Specifically, eight participants were not taking any medications at the time of the TSST, and five were prescribed a stimulant medication that they abstained from on the day of the TSST. The remaining participants were taking an SSRI (n = 6), melatonin (n = 2), and one participant was also prescribed Baclofen, a GABA receptor agonist prescribed PRN that was not taken on the day of the TSST. Some participants were on more than one medication type, hence the sum of medication subclasses is larger than the total sample n.
The present study consisted of two lab visits, the first of which involved administration of clinical assessment to confirm diagnosis of ASD and neuropsychological measures. The following forms were completed on the first visit to the laboratory:
Materials
Wechsler Abbreviated Scale of Intelligence (WASI, Wechsler 1999)-The WASI is a short, reliable measure of intelligence and is normed for individuals ages 6-89. It consists of four subtests to assess verbal and nonverbal reasoning abilities. The WASI has strong psychometric properties with high construct validity and internal consistency (Wechsler 1999; Canivez et al. 2009 ). In ASD populations, the WASI has demonstrated construct validity and predictive accuracy with long form versions of the Wechsler Intelligence Scale (Minshew et al. 2005; Merchan-Naranjo et al. 2011) . In this study, the WASI was used as a screening measure; both ASD and TD participants completed the WASI and were required to have a Full-Scale IQ of at least 70.
Autism Diagnostic Observations Schedule Version II (ADOS-II, Lord et al. 2012)-Adolescents with ASD completed the ADOS-II, Schedule 3 or 4, depending on developmental appropriateness, to confirm the presence of ASD. Research reliable clinicians (BAC or CN) administered the ADOS. In the instance of first-time diagnoses, the Autism Diagnostic Interview-Revised (ADI-R, Lord et al. 2012) was also administered to a parent. All ASD participants met ADOS-II criteria for ASD with a total ADOS score greater than 7. Two participants had ADOS-II scores of 6 were includes in the study and were determined to have ASD on the basis of developmental history, SCQ scores, ADI, and clinical judgment (BAC, CN).
The Pubertal Development Scale (PDS)-The PDS (Petersen et al. 1988 ) is a parent report measure of the degree of physical development on relevant variables including growth in height, growth in body hair, skin changes/acne, and overall development compared to peers. Gender specific factors are also ascertained, including voice deepening and facial hair questions for boys, and breast growth and menarche questions for girls. Scores range from from 1: "change has not yet begun" to 4: "development complete". All participants were required to have a mean score of at least 2, indicating pubertal onset.
Child Behavior Checklist (CBCL)-
The CBCL is a parent report of problem behaviors that occur in childhood across multiple domains and can be used to identify behaviors indicative of psychiatric problems in children ages 6-18 (Achenbach et al. 1991) . The questionnaire asks parents to rate the frequency of behaviors using a Likert scale ranging from 0 = "Not True" to 2 = "Very Often True". Scores are summed to create a t-score for various syndromes. Parental reports of children with ASD indicate on average higher scores across all symptom domains than the general population, with the Attention, Anxiety, Social, and Internalizing Problems subscales the most commonly endorsed (Schroeder et al. 2011) . Given our a priori interest in social stress and anxiety in the present study, we examined the Anxiety and Social Problems subscales, as well as the Internalizing Problems subscale, which is a summed measure of the symptoms reported in the following subscales: Anxious/Depressed, Withdrawn/Depressed, and Somatic Complaints.
The Social Communication Questionnaire (SCQ)-The SCQ (Rutter 2003) , is a brief parent-report questionnaire that assesses for past and present behaviors indicative of ASD. The SCQ has high sensitivity (.88-.92) and specificity (.62-.72) for diagnosis of ASD (Chandler et al. 2007; Witwer and Lecavalier 2007) . In the present study, we used the SCQ as a screening tool to rule out ASD in the TD group and to corroborate ASD diagnosis. SCQ scores greater than or equal to 15 are thought to indicate ASD. In this study, no TD participant had a SCQ score greater than 10.
The Social Responsiveness Scale Second Edition (SRS-2)-The SRS (Constantino and Gruber 2005) is a parent-report questionnaire used to assess the presence of ASD symptoms across the following domains: Social Awareness, Social Motivation, Social Cognition, Social Communication, and Restrictive and Repetitive Behaviors. The SRS identifies the severity of ASD symptoms and also can be used to differentiate social impairments in ASD from those that occur in other diagnoses. It has high sensitivity (.74-. 80) and specificity (.69-1.00) for the identification of ASD and is highly correlated with the ADOS, the gold standard of ASD diagnostic measures (Bolte et al. 2011) . A total t-score was calculated for each participant and was the primary variable of interest in our analyses of clinical symptom severity. Average scores in a nonclinical sample range from 40 to 60 and, in the present study, no TD participant had a t-score greater than 50.
Procedures
To calculate RSA, participants wore a mobile multichannel BioNex 8-slot chassis electrocardiogram unit that included a 4-channel biopotential amplifier (MindWare Technologies, Gahanna, OH) during the TSST behavioral paradigm visit. Upon arrival for the TSST, familiar lab personnel escorted participants to a testing room. After allowing for 20 min to adjust to the new environment, lab personnel introduced the mobile ECG unit with a cartoon depicting electrode placement on the torso. Participants were then shown the electrodes and allowed to "practice" placement on their hand to allow for sensory accommodation to the sensor adhesive and gel. This practice mediated potential ANS responses to sensory novelty. Lab personnel then placed sensors on the participant's torso following a standard 5-lead ECG protocol. Participants sat quietly for 5 min for collection of baseline ECG data. The participant wore the mobile unit for the remainder of the paradigm.
Following completion of the baseline ECG, participants began the social stress protocol. The TSST is a psychosocial paradigm known to elicit a physiological stress response in a controlled laboratory setting (Buske- Kirschbaum et al. 1997) . The TSST is a 20-min paradigm consisting of four 5-min components: (1) Preparation Period, (2) Speech Delivery Period, (3) Serial Subtraction Period, and (4) Debriefing Period (see Fig. 1 ).
Adolescents were escorted to the TSST room, which was a conference room where they were greeted by two raters wearing white lab coats and holding clipboards, sitting behind a table. A video camera was set up behind the raters to film the participant during the paradigm. Both trained raters did not to provide verbal or nonverbal feedback during the TSST and each maintained a neutral affect throughout the protocol. In order to increase the salience of social judgment for the adolescent sample, one of the raters was an age-matched peer of the same gender. One rater was female and one rater was male. The adult rater asked the participant to stand at a microphone facing the table, and then informed the participant that they had 5 min to prepare a speech about why they would be the best candidate for a job. They would then be asked to deliver this speech before the selection committee of experts, and that their speech would be compared to others'.
The participant then returned to the testing room and sat quietly for 5 min of preparation. Participants were not permitted to take notes or use aides of any kind, and any questions directed at lab personnel were ignored. At the end of 5 min, the participant returned to the TSST room, where they then had 5 min to deliver their speech. If the participant stopped speaking before the 5 min time period ended, the adult rater prompted them with a series of questions delivered in a neutral tone, such as, "Tell us about your previous job experience" and "Why should we pick you for the job over everyone else?" Following the speech delivery period, raters instructed the participant to begin the serial subtraction task, which requires them to subtract the number 7 from 758 serially out loud. If the participant made a mathematical error, the rater told them to stop and begin again from the beginning. If the participant made more than five errors, the rater asked them to subtract by three, starting at 307. After 5 min, the raters begin debriefing the participant by explaining that their performance will not be judged and that the entire task was "just pretend." The raters show positive affect, praise the participant's performance, and provide support and encourage the participant to ask questions. The raters then thank the participant taking part in the study.
We calculated RSA minute by minute from each participant's ECG trace using the BioLab 2.4 Heart Rate Variability Software Suite provided by MindWare Technologies. This software suite allows for automated recognition of R peaks on the ECG trace. We inspected and processed all data to confirm the presence of a clear R peak and the absence of cardiac abnormalities such as arrhythmias. In the case of R peaks not detected by the automated software, R peaks were marked by hand following visual inspection by a trained rater who identified them on the basis of their characteristic shape (EKE). In the absence of a clear R peak, a rater added the point that was imputed as the mid-point between two detected R peaks via the MindWare HRV software program. The rater also checked the data to ensure respiration rates measured via impedance cardiography (Ernst et al. 1999) were within the expected physiological range (.15-.40 Hz) for this age group to allow the accurate quantification of RSA (i.e., heart rate variation associated with spontaneous respiration). Data outside of this range were not included in the study and accounts for 0.48 % of the total data collected (4 min).
The MindWare mobile units also allow for the simultaneous collection of motion data using an accelerometer. Accelerometer data was collected in the x, y, and z planes and summed for a minute-by-minute total that was then averaged for each participant at baseline, and during each of the four TSST conditions.
Of the total collected data, we discarded 4.3 % due to excessive motion artifact that interfered with the identification of R peaks. All data included for further statistical analysis had a confirmed respiratory frequency within the expected physiological range of .15-.40 Hz, a clear ECG waveform, including an R peak, and spanned at least ten respiratory cycles.
Statistical Analysis Plan
We performed all statistical analyses using SPSS Version 22.0 (IBM Corp, 2013) Independent t tests were used to examine group differences in demographic and clinical variables (see Table 1 ). These include pubertal stage, verbal and performance IQ, SRS and SCQ scores. An independent samples t test was also conducted on accelerometer data at baseline to test for differences in motion; we also conducted a repeated measures ANOVA with motion during each TSST period as the dependent variable to test for potential effects of diagnosis on differences in movement.
We used Levene's Test for Homogeneity of Variance to test for significant effects of diagnosis on within-group RSA data variability. effects of diagnosis on RSA during the TSST stressor, we conducted a two-way (diagnosis: ASD, TD) linear mixed effects ANOVA with the four TSST periods of RSA (preparation, speech, serial subtraction and debriefing) as repeated dependent variables and pubertal status as a covariate of no interest. Because of similar variance in RSA measures across time, we used a compound symmetry structure model to reduce the number of parameters in our model.
To test for effects of diagnosis on RSA decrease during the TSST, we calculated residualized change scores for minimum mean RSA value during the TSST, adjusted for the baseline RSA value using regression analysis to account for the initial value (Wilder 1962 ), a common practice used in the study of RSA (e.g. Heilman et al. 2008) . A univariate ANOVA was then performed to test for significant main effects of diagnosis on these residualized change scores, with pubertal status as a covariate of no interest.
Pearson bivariate correlation analyses were performed to assess for symptom correlates of RSA change using the residualized RSA change scores and the SRS, SCQ total t-scores, as well as the Internalizing Symptoms, Social Problems, and Anxiety Problems t-score subscales of the CBCL in the ASD group only.
Results
Preliminary descriptive statistics showed significant differences in variability between males and females, driven largely by the female ASD group (see Supplemental Table) . Because we were underpowered to detect significant main effects of diagnosis by sex on RSA, we opted to remove the eight females and proceed with a sample of adolescent males only. The final sample contained 13 TD participants and 21 ASD participants (Table 1) .
Independent samples t tests revealed no significant pubertal stage, verbal, or performance IQ differences between groups. There was a significant difference between groups in SCQ and SRS total scores. There were no significant differences in motion at baseline (t = −0.809, p = 0.424) or during the TSST (F = 2.88, p = 0.100) between diagnostic groups.
Levene's Test revealed a significant difference in baseline RSA variability between groups (F = 4.174, p = 0.049, Fig. 2) , with the ASD group showing more variability than TD. There were no significant between-group differences in variability during the other portions of the TSST (all p values >0.05). Thus, are findings are in partial support of hypothesis one.
Univariate ANOVA showed a significant main effect of group on baseline RSA (F = 4.480, p = 0.043, η 2 < .20), (Table 2) , with lower RSA in the ASD group. Linear mixed effects ANOVA demonstrated a significant main effect of group on RSA during the TSST (F(1, 32) = 4.217, p = 0.048), with lower RSA values in the ASD group. There was a main effect of time period (F(3, 96) = 9.877, p < 0.0001), but no diagnosis by TSST time period interaction effects (F(3, 96) = 0.337, p = 0.798) (Table 3) . partially supported; there were between group differences in baseline RSA and RSA during the TSST, but not in RSA decrease during the TSST (Fig. 2) .
In the ASD group, there was a significant negative correlation between baseline RSA and SRS total score (r = −0.346, p = 0.045, Fig. 3a ) and the CBCL Internalizing Symptoms subscale (r = −0.550, p = 0.012, Fig. 3b ), but not SCQ total score (r = −0.205, p = 0.386), the CBCL Social Problems subscale (r = −0.330, p = 0.155), the CBCL Anxiety Problems subscale (r = −0.393, p = 0.086, Table 4 ).
There was a significant negative correlation between the residualized RSA change score, i.e., our metric of the maximal RSA response during the stressor, and the CBCL Social Problems t-score in the ASD group (r = −0.586, p = 0.007), indicating that less change in RSA from baseline during the TSST was correlated with greater severity of social problems in the ASD group (Fig. 3) . There was no significant relationship between RSA change scores and the other CBCL subscales of interest, the Internalizing Symptoms subscale (r = −0.146, p = 0.540) and Anxiety Problems subscale (r = −0.011, p = 0.964), or the measures of ASD symptom severity, the SCQ (r = −0.018, r = 0.941) and the SRS (r = −0.255, p = 0.278, Table 4 ).
Discussion
In the present study of adolescent males, we aimed to determine the physiologic stress response to social judgment via measurement of RSA. Participants with ASD showed lower RSA values compared to TD males, both at baseline and during the TSST. These initial findings present preliminary evidence for altered overall physiological self-regulation in ASD adolescent males. Post hoc investigation of relationships between parental reports of social problems, but not ASD symptoms, anxiety, or internalizing problems, were correlated with RSA change scores in response to the TSST in the ASD group. Taken together, these preliminary findings suggest that social problems in ASD may be linked to the RSA response to social stress. This view of the role of RSA changes as a facilitator of flexible social engagement would be in line with the growing literature showing relationships between greater RSA decreases and emotional and behavioral regulation (Calkins and Dedmon 2000; Butler et al. 2006; Miller et al. 2013; Cui et al. 2015) . However, one study in TD children comparing the relative contributions of baseline RSA and RSA change to social behavior found a significant relationship between observed empathy and high baseline RSA but not RSA decreases, which was more closely associated with negative emotionality (Liew et al. 2011) . While another recent study found a significant relationship between baseline RSA and empathy that was mediated by effortful control in a sample of young TD children (Taylor et al. 2015) . Future studies with larger samples should assess for potential contributions of anxiety versus social symptoms to RSA decreases in ASD versus TD adolescents.
The lack of a group by time period interaction effect suggests that there is not a betweengroup responsivity difference in ASD and TD adolescents at a specific time point during the TSST, but rather, an overall RSA reduction in the ASD group across all time points. Furthermore, the lack of a group difference finding in RSA change during the TSST suggests that the onset of the social stressor was not a primary between-group differentiator of PNS function, but that the ASD group overall shows reduced physiological self-regulation that was present at baseline and persisted throughout the task and during the debriefing period. Our findings confirm and extend previous work highlighting the relationship between baseline RSA and various measures of social ability and prosocial behavior in both clinical and community samples (D'Antono et al. 2005; Hastings et al. 2008; Diamond et al. 2011; Hinnant and El-Sheikh 2009; Beauchaine et al. 2013; Graziano and Derefinko 2013; Patriquin et al. 2013; Sulik et al. 2013; Taylor et al. 2015) .
In this study, we found a preliminary correlation between maximal RSA change following exposure to the social stressor and social problems. Porges' Polyvagal Theory (1995 Porges' Polyvagal Theory (2007 argues that high baseline RSA denotes greater ability to react flexibly and adaptively to the changing demands of the environment and that high baseline RSA supports adaptive coping in the face of environmental challenges. The literature regarding PNS differences in ASD has been varied, with some reporting no differences between ASD and TD groups at baseline (Daluwatte et al. 2012; Levine et al. 2012; Watson et al. 2012; Toichi and Kamio 2003; Althaus et al. 1999 ) and some showing decreased basal PNS function in ASD (Bal et al. 2010; Vaughan Van Hecke et al. 2009; Ming et al. 2005) . Consistently, no studies show increases in PNS measures in ASD compared TD groups. Our findings of a relationship between RSA decreases and social problems as indexed by the CBCL indicate that perhaps some of the variation in the ASD RSA literature may be due to heterogeneity within the ASD diagnosis, It appears that careful clinical characterization with larger clinical samples is important for determining the relationship between physiological regulation and social judgment in this population.
To date, there have been only a few studies using the TSST to investigate psychophysiological response to social judgment in ASD. For example, one study by Levine et al. (2012) included pre-pubertal children with ASD and employed the TSST-C, a version adapted for children (Buske-Kirschbaum et al. 1997) . The authors did not find significant differences in HRV between TD and ASD groups, but there was a non-significant overall reduction in RSA in the ASD group at baseline and during all portions of the TSST-C, which parallels the present findings of reduced RSA. Another study used a stress test similar to the TSST, but, instead of a serial subtraction task, asked participants to complete the Rey-Osterrieth Complex Figure task (Mikita et al. 2015) . This study measured heart rate as a proxy for stress reactivity to the task, but did not measure HRV or PNS function per se. The authors reported reduced heart rate to the stressor in children with ASD with co-occurring high anxiety compared to children with ASD and low anxiety, which they interpret as "stress induced physiological withdrawal" (Mikita et al. 2015 (Mikita et al. , p. 1124 . Finally, Hollocks et al. (2014) employed a variant of the TSST in a mixed sample of ASD children and adolescents with and without comorbid anxiety disorders. The authors examined the ratio of low frequency heart rate fluctuation to high frequency heart rate fluctuation (LF/HF), a measure of the relative contribution of sympathetic arousal to HRV. The authors report group differences in HRV and LF/HF, with the ASD participants with co-occurring anxiety showing a blunted HRV response, but no difference between the ASD participants without anxiety and the TD control group. Hollocks et al. (2014) also report a group effect on heart rate, such that the ASD group with co-occurring anxiety disorders shows heightened heart rate at baseline and throughout the task compared to the ASD group without anxiety and the TD group. Importantly, these studies employed adapted versions of the TSST that ostensibly tax visual attention and memory, and do not use a social peer. Despite these differences from the current protocol, the findings outlined above of blunted ANS measures in ASD are in agreement with the findings in the present study (Levine et al. 2012; Hollocks et al. 2014; Mikita et al. 2015) .
We report a significant correlation between social problems and RSA response to social stress, but not anxiety symptoms and RSA response. Previous investigations of children with ASD have reported significant relationships between cardiac-neural measures of stress responsivity and parental reports of anxiety symptoms (Mikita et al. 2015; Guy et al. 2014; Hollocks et al. 2014) . To date, the anxiety disorders literature suggests lower RSA at baseline in adults with post traumatic stress and panic disorders, but not specific phobias compared to controls (for review see Friedman 2007; Licht et al. 2009 ). A recent metaanalytic review of RSA across multiple psychiatric diagnoses, including anxiety disorders, found reduced RSA in adults with psychiatric diagnoses and controls at baseline or in response to a stressor, including unmedicated adults (Alvares et al. 2016) . However, other studies in samples of undergraduate students have not found RSA differences between adults with high versus low trait anxiety (Wilhelm et al. 2001) , and the only study to employ the TSST in adults with anxiety disorders reported no differences between adults with anxiety disorders and those without (Klumbies et al. 2014) . Similar to the adult literature, studies of children with anxiety disorders have suggested lower PNS functioning at baseline (Dieleman et al. 2015) . Studies employing emotional regulation or trauma recall tasks in adolescents with anxiety disorders have shown no differences in RSA responsivity (Fisher and Newman 2013; Shenk et al. 2014; Kirsch et al. 2015) or have found differences in female, but not male adolescents (Hastings et al. 2014 ). To date, there have been no studies employing the TSST in pubertal adolescents with anxiety disorders using RSA as an outcome measure. There is a need for comparison studies of individuals with ASD and co-occurring anxiety disorders and those without, as well as study of the ways that anxiety manifests specifically in ASD versus typical development.
Pubertal development plays an important role in the physiological response to stress, both in terms of the development and stabilization of biological systems underlying the stress response, but also regarding the increased salience and complexity of social stimuli during adolescence, which is defined by the onset of puberty (Sisk and Foster 2004; Gunnar et al. 2009 ). Studies of RSA in the general population confirm the importance of adolescent development physiologically and psychosocially (Woodall and Matthews 1993) . There is also evidence implicating sex differences in RSA, including greater variability in adult females than adult males (Snieder et al. 2007) , which is consistent with the findings of the present study of adolescents. Future studies should clarify the contributions of sex steroid hormones during puberty to ANS function, reactivity, and stabilization by carefully accounting for sex steroid levels and, in females, the role of menstrual cycle in physiological regulation and reactivity. Studies in the general adult population have indicated that there are both sex differences and menstrual cycle effects on the physiological response to social evaluative threat. Specifically, studies have shown greater heart rate response and subjective feelings of anxiety to the TSST during the luteal phase, suggesting that progesterone levels may mediate some aspects of the stress response (Gordon and Girdler 2014; Childs et al. 2010 ). Furthermore, for adolescent girls with ASD, social deficits may become more pertinent in adolescence than they are for male adolescents because social relationships may be more challenging, demanding, and complex for adolescent girls than they are for males (McLennan et al. 1993) . In one study of age-and IQ-matched adolescent boys and girls with ASD, there were not significant differences in core symptoms of autism, but the parents of girls with ASD were more likely to report significant social deficits via the CBCL than the parents of boys. Parents of the girls in this study were also less likely to report peer friendships than the parents of boys. The authors interpret these findings by suggesting that the parents of girls may have higher expectations for social competence than the parents of boys, and that peers in the school environment also mirror these heightened expectations (Holtmann et al. 2007) . Particularly in ASD, where females are more likely to be misdiagnosed or diagnosed later in life (Russell et al. 2011) , there is a clear need for research that focuses on the experiences and needs of adolescent girls with ASD, especially as they are related to understanding and improving social abilities.
Despite the careful characterization of the sample in the present study, there are some limitations. To best address peak physiological response to stress, we subtracted each participant's lowest mean RSA during the TSST from baseline RSA. We chose this approach because it allows us to measure group differences in the maximal stress response to the social stress paradigm. However, this approach does not allow us to address potential individual differences in the timing of RSA decreases. Future studies should assess for possible differences in the timing of biophysiological responses to social stress in ASD versus TD. The findings in the present study may not extend to other subpopulations within ASD. For example, we were limited in our ability to address RSA findings in adolescent females due to greater variability within the ASD cohort. Future studies that include a large sample of adolescent females are warranted to elucidate the mechanisms contributing to physiological variability in adolescent females with ASD. Future studies should also assess RSA in a more naturalistic, non-laboratory setting, as TD and ASD adolescents may differ in the degree to which they find the laboratory environment stressful (Corbett et al. 2012) . Baseline measures of RSA taken at home in a familiar environment could provide an interesting comparison to RSA data collected in the lab. This study was part of a larger project that also investigated salivary cortisol response to the TSST. As such, we excluded participants taking medications known to interfere with HPA axis function during recruitment. Exclusion of adolescents taking medications such as atypical antipsychotics could potentially have biased our sample. Furthermore, because of the cognitively demanding nature of the TSST paradigm, we were not able to include individuals with intellectual disabilities, which also limits the generalizability of our findings. There was a ten point difference in total estimated IQ between our ASD and TD samples, although this difference was not significant and both groups had mean IQs that feel within the normal range, the lack of a statistical difference could be due to a relatively small sample size. Possible relationships between IQ variation and RSA in ASD are interesting and warrant further study. Finally, although our findings were statistically significant, our effect sizes are relatively small. This is due to our relatively small sample size; future studies with larger clinical samples are needed. 
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To our knowledge, this is the first study examining RSA in adolescent males with ASD. The current investigation contributes to the growing literature on the biopsychosocial correlates of ASD in adolescence. The majority of previous work focusing on children has found reduced RSA in response to social stressors in ASD (Benevides and Lane 2015) . Although we did not find the hypothesized difference in variability between groups during the stressor, there was an overall group effect of reduced RSA in the ASD group, providing preliminary evidence that reduced PNS activity in children with ASD persists into adolescence. Lower PNS activity in ASD may contribute to some of the social challenges observed in ASD, including reduced social engagement and flexibility. These findings highlight the importance of autonomic arousal in ASD and the relationship of autonomic arousal to internalizing symptoms that may cause significant distress for individuals with ASD and their families. Furthermore, there is preliminary evidence that an ASD intervention targeting auditory processing is associated with an increase in RSA and a corresponding improvement in sensory processing, suggesting that (a) RSA is plastic and responsive to treatment and (b) that alterations in autonomic system functioning may have broad implications for a host of ASD symptoms associated with social engagement . Longitudinal studies that investigate the developmental effects of puberty on RSA are critical for an improved understanding of biopsychosocial development in ASD. Future studies should also compare across types of potential stressors to determine if one type of stressor (i.e., social vs. nonsocial stress) may induce greater physiological effects in ASD.
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